In 1931 Wierzuchowski (1) showed an influence of insulin on galactose tolerance of dogs. More recently, Levine, Goldstein, Huddlestun, Klein, and Henry (2, 3) demonstrated that insulin lowers the blood levels of D-galactose, D-xylose, and L-arabinose but not of D-arabinose or D-mannose, following their infusion into the eviscerated nephrectomized dog. The volume of distribution of the responsive sugars was increased from 45 to 70 per cent of body weight as a result of insulin administration. It was suggested that the insulin response represented a facilitation of transport of the sugar across the cell membrane into intracellular fluid. In all the responsive sugars the stereochemical structure of carbon atoms 1 to 3 was like that of D-glucose, and these authors suggested that these structural characteristics determined the insulin responsiveness of a sugar.
mined the insulin responsiveness of a sugar.
Confirmatory evidence has appeared that insulin affects transport of D-galactose, D-xylose and L-arabinose across the cell membrane in the rat diaphragm (4-6), eviscerate rat (7) , perfused rat heart (8) and intact cat (9) . However, slow penetration of a number of sugars into muscle of nephrectomized and eviscerated rats has now also been demonstrated, and this slow penetration is increased by insulin for D-lyxose, D-ribose, D-mannose, D-fructose and D-fucose, as well as for D-xylose, D-galactose and L-arabinose (10, 11) . Although these results indicate that the concept of structural specificity in carbon atoms 1 to 3 for insulin responsiveness has proved to be too limited in scope, the lack of an effect of insulin upon intracellular entry of sorbitol, mannitol and raffinose is strong evidence that the action of insulin is not simply an acceleration of a process of physical diffusion (12) .
No reports have been noted demonstrating an effect of insulin on a sugar other than glucose in man. This paper reports studies on the effect of insulin on blood levels of infused pentoses in man. Pentoses were selected because their responses to insulin in animals have been well described, they are readily available, and following intravenous infusion they disappear from blood relatively slowly. This latter property permitted an evaluation of the effect of insulin upon blood levels and disappear- ance rates, an appraisal which could not be made 6 .
O $ with galactose (13) or fructose (14) , which disappear from blood even more rapidly than does la glucose (15) . In the present studies, we have investigated the influence of insulin upon the rate of pentose disappearance from blood, and upon the urinary excretion of pentose.
The stereochemical configuration of the sugars used in the present experiment is shown in Figure   G r- Figure 6 . It is apparent that no detectable change occurred in the constant level of D-arabinose. However, within a 10-minute interval insulin caused a decrease of 13 per cent in the constant D-lyxose level. Maintenance of the lowered lyxose level without altering the infusion rate suggests that after the insulin effect there was a resumption of the pre-insulin disappearance rate. These results indicate that D-arabinose is unresponsive but that D-lyxose is responsive to insulin. The magnitude of the response of D-lyxose, however, is small and could be undiscernable by the single injection technique. These results with D-arabinose and D-lyxose shown in Figure 6 are in marked contrast to the 38 per cent response of D-xylose which was studied by the same technique ( Figure 7) .
The values for biological half-times (T1/2), per cent disappearance per minute (K) and insulin response of the various pentoses are shown in Table II . In the D-xylose experiments in W. R. (Figures 2 and 8 ) the initial and final xylose disappearance rates are almost identical despite the interposition of a half-hour period of rapid disappearance. The D-xylose study in J. D. reveals a final disappearance rate which is much slower than the initial. Some variability of initial and final rates is seen in the L-arabinose studies. W. W. (Figure 3 ) demonstrates a slower final rate, whereas S. B. (Figure 9 ) and C. C. (Figure 4) show slightly faster rates.
In the L-arabinose study of W. W. (Figure 3 The data presented indicate that with the responsive pentoses the insulin action is limited to a half-hour period after injection, during which time the disappearance of pentose is enhanced up to three-fold. After this period there is a return tW rates of disappearance approximating those initially observed without insulin. This final disappearance rate is established at blood levels from 13 to 40 per cent lower than would be expected had no insulin been given.
Relationship of pentose response to insulin to the blood glucose level
The response of D-xylose and L-arabinose as shown in Figure 2 and Figure 3 was observed in the presence of very low blood glucose values. In order to dissociate the pentose response to insulin from hypoglycemia per se, several studies were performed in which D-glucose was infused shortly after the injections of insulin. Figure 8 shows a second study with D-xylose performed in the same individual (W. R.) whose earlier study is shown in Figure 2 . Here an infusion of 25 Gm. of glucose maintained the blood glucose level at 50 mg. per cent over the period when a decrease in blood xylose levels was anticipated. The response of xylose to insulin occurred as before, and almost identical rate constants for the curves were calculated (Table II) . A similar study with L-arabinose (C. C., Table I ) also demonstrated that maintenance of a normal blood sugar, by glucose infusion, did not prevent the usual response of this pentose to insulin.
Perhaps the best example of dissociation of pentose response and hypoglycemia is shown in Figure 9 (S. B.). In this study the augmentation of L-arabinose disappearance occurred as the blood glucose level fell to 2 mg. per cent at 69 minutes. However, despite the continuation of hypoglycemia, the slope of the disappearance curve of L-arabinose returned to a value similar to that prior to insulin administration. This indicates that a low blood glucose level per se is not a factor affecting the increased rate of L-arabinose disappearance.
Hypoglycemia itself does not influence the rate of disappearance of those sugars unresponsive or slightly responsive to insulin. Thus, in Figures 4  and 5 , though the blood glucose is less than 5 mg. per cent, the disappearance curves of D-arabinose and D-lyxose continue in a smooth uninterrupted descent. In these two studies hyperglycemia produced by glucose infusion was without effect on the rates of decline of pentose levels.
Though D-xylose and L-arabinose are readily responsive to insulin, our results do not suggest that these sugars stimulate the pancreas to secrete insulin. No fall in blood sugar was observed following infusion. In fact, as previously seen (17), after infusion of these sugars there is a rise in blood glucose, suggesting they may be glucogenic. However, neither these sugars nor D-arabinose or D-lyxose, though present at levels of 30 to 40 mg. per cent, were able to prevent the hypoglycemic symptoms experienced by those individuals with low blood glucose levels. Table III presents the total urinary excretion of pentoses in the experiments described, plus several others. The total excretions are in the range reported for normal subjects not receiving insulin (17, 18) . Two studies are shown in which the excretion of infused sugar was measured in the same individual, both when insulin was given and omitted. In A. R. the excretion of D-xylose was 41 per cent of the administered dose when insulin was given and 44 per cent when it was omitted. In another study in W. W., total L-arabinose excretion was 43 per cent of the dose with insulin and 53 per cent without insulin. These would appear to be insignificant differences, for such variations may occur on repeated studies without insulin in the same individual.
Urinary excretion of pentoses
In order to determine whether the increased rate of disappearance of D-xylose from blood in the 30-minute period following insulin administration could be explained by increased urinary excretion during that interval, the experiment shown in Figure 7 was performed. This figure presents data obtained during a constant infusion of (Fig. 4) Stadie (19) and by Levine and Goldstein (20) , and the subject is further discussed by deDuve (21), Helmreich and Cori (11), and Park and associates (10) . Two hypotheses have received recent attention, viz., that insulin accelerates the action of hexokinase and that insulin facilitates the transport of glucose into the cell. This latter hypothesis has recently been modified by Helmreich and Cori (11) , yielding in effect a third concept, that insulin affects intracellular metabolism in such a way that increased permeability of the cell membrane to sugars is a consequence of this action.
The hypothesis that insulin acts at the level of hexokinase has not been adequately substantiated (19) . Similarly, the concept that the insulin response can be explained as an increase in membrane permeability has been criticized, since an increase in physiochemical diffusion should not exclude substances such as sorbitol, mannitol and raffinose (12) . The concept that insulin acts to facilitate transport of sugars across the cell membrane to increase intracellular concentration of sugars is consistent with available evidence, except that in the case of glucose, intracellular accumulation cannot be demonstrated under physiological circumstances due to rapid utilization and the inadequacy of methods for measuring minute increments of glucose concentrations. However, under unusual conditions, insulin may also cause free glucose to accumulate intracellularly. Park, Bornstein, and Post (22) demonstrated in the rat diaphragm that when hexokinase was saturated by high glucose levels in the medium, or was inhibited by low temperature, insulin would indeed cause glucose from the medium to accumulate intracellularly.
That insulin causes an increase in free intracellular galactose (7) and L-arabinose (8) content of muscle as well as other sugars (10) has also been demonstrated. This would indicate that metabolism of these sugars in muscle is minimal or does not occur. Park found the latter to be true for L-arabinose (8) . The Levine group found also that these sugars were not metabolized by the eviscerated nephrectomized dog, which is essentially a living muscle preparation. The slow entrance of pentose into muscle in the normal rat is measured in hours (11) . These findings would suggest that the falling blood levels of these pentoses seen after infusion into intact man are the result primarily of metabolism by the liver and excretion by the kidney. The major roles of liver and kidney are illustrated by the findings of slow disappearance of D-xylose from the blood in cirrhotic subjects (17) , and the excretion of about 50 per cent of the infused quantities of pentoses in urine by the subjects of the present study.
In the present study the administration of insulin caused an abrupt increase in the rates of disappearance of D-xylose and L-arabinose and D-lyxose from the blood stream, lasting up to 30 minutes, after which time the disappearance rates abruptly decreased and in most studies approximated the initial rates of disappearance as determined before injection of insulin. This response to insulin was not dependent upon development of hypoglycemia, and reached completion despite evidence of continued action of insulin on glucose. From considerations of the dose of insulin injected, of recent evidence of disappearance rates and volumes of distribution of injected insulin (23) , and of blood levels of insulin following injections of small amounts (24) , it may be estimated that the blood insulin level was three to six times normal at a time when the pentose response was complete. It appears to us unlikely that an increase in rate of pentose metabolism caused by insulin as its primary action would be reflected in the type of response that was observed, namely the abrupt termination of the phase of rapid disappearance of pentose despite the presence of abundant insulin.
Beam, Billing, and Sherlock (25) have claimed that insulin causes a rapid uptake of glucose by the liver in man. At times other investigators have purported to have shown a direct effect of insulin in vitro upon glucose uptake and glycogen synthesis of rat liver slices (21) , but this subject is controversial and other studies suggest that insulin itself has no direct action on carbohydrate metabolism by the liver of the rat (26) . However, in view of the findings of Beam and collaborators, one must consider the possibility that insulin has caused a rapid uptake of D-xylose and L-arabinose by liver in the subjects of this report. There are, however, certain imposing arguments against this interpretation. First, similar responses were demonstrated by Levine and associates (20, 26) in dogs from whom livers had been removed. Second, the observations that metabolism of D-xylose is unimpaired in diabetics deprived of insulin (27) , and that the rate of disappearance and urinary excretion of infused D-xylose are normal in diabetics off insulin (28) , suggest that the hepatic system for handling this pentose is not insulin dependent. Third, Helmreich and Cori (11) have shown in the nephrectomized rat that the insulin effect on pentoses is clearly to increase the amount present in muscle and that the liver being present is not an interfering factor in studies of this type. Several studies have clearly shown that uptake of sugars by brain is not influenced by insulin (10) . We favor the interpretation that insulin has acted in the present studies to increase the distribution of' D-xylose and of L-arabinose and D-lyxose in the intracellular fluids of man primarily in muscle by facilitating their transfer across the cell membrane.
The glucose "space" has been estimated in intact man (29) and in the eviscerated rabbit (30) employing techniques with C14 glucose. Shreeve et al. (29) have found the glucose space to vary only minimally from normal in the human diabetic, and Drury and Wick (30) have shown that insulin does not increase the glucose space in their rabbit preparation. However, one would not necessarily anticipate that insulin would increase the glucose space even though it increased transport of glucose into the cell, for all glucose passing across the cell membrane may normally be rapidly phosphorylated by action of hexokinase. Although the determination of a volume of distribution of metabolized substance involves some error, we have estimated the pentose "space" to be 21 per cent of body weight (17) . Assuming this volume, and assuming the changes of 20 to 40 per cent in blood levels of D-xylose and L-arabinose resulting from insulin administration are due to distribution changes, one can calculate the pentose space after a single intravenous injection of 0.1 unit of insulin per kilo of body weight to be about 32 per cent of body weight, or 1.5 times the initial value. This volume of distribution is somewhat lower than that reported by Levine, Goldstein, Huddlestun, and Klein (2) for the dog after insulin administration, but the proportional increase in volume of distribution caused by insulin is the same. The D-lyxose space may be calculated to have increased to only 24 per cent of body weight. The increases in volume of distribution calculated here correspond to those reported by Helmreich and Cori (11) in the nephrectomized rat. These investigators report no significant effect of insulin on D-arabinose volume of distribution. It should be mentioned that since the insulin effect is primarily to increase pentose concentration in muscle (10, 11 ) calculation of changes in volume of distribution from changes in blood levels will give results less than the average total body water.
A final point requiring comment is the relation-ship of insulin responsiveness and structural configuration. That the configuration of carbon atoms 1 to 3 has some significance with respect to insulin responsiveness has been shown only in the eviscerated dog (3) . In the rat (10, 11) and rabbit (31) corresponding specificity has not been demonstrated. In man it would appear that although the most responsive sugars, D-xylose and L-arabinose, are related to glucose in carbon atoms 1 to 3 and that D-arabinose, which differs from glucose in carbons 2 and 3, is unresponsive, D-lyxose differing in carbon 2 alone has a slight degree of responsiveness. Part of this discrepancy may be due to species differences and part may be a matter of rate of pentose transport as determined by the insulin doses given in the various studies. For example, Goldstein, Henry, Huddlestun, and Levine (3) gave a 5-unit insulin prime and a constant infusion of 1 unit per kilo per hour. Helmreich and Cori (11) gave 1 to 2 units per 100 Gm. The latter dose on a weight basis is one to two hundred times the dose used in the present study. In man a discernable response of D-xylose to insulin may be seen with as little as 0.05 unit per kilo (32) . It would appear that man is more sensitive to insulin than the other animal species tested. At the present time no general theory of sugar structure explains insulin responsiveness in all species. In the rabbit for example, glucosamine (33) and 2-deoxyglucose (34) both appear to be insulin responsive so that in this species the substituents at carbon 2 are not determining with respect to insulin responsiveness. However, although the membrane transport theory of insulin action cannot be considered proved, we believe this concept to be consistent with the greatest number of experimental observations. 
